Severe arterial hypoxaemia resulting from acute lung disease is frequently treated with positive end-expiratory pressure (PEEP) or an increase in inspiratory: expiratory (I:E) time ratio, the latter being produced either by a reduction in inspiratory flow rate or by the addition of an inspiratory pressure plateau. The reduction in shunt associated with PEEP or an increase in I:E ratio is probably a result of the recruitment of previously collapsed alveoli secondary to an increase in end-expiratory lung volume [1] . However, the improved oxygenation appears to be related most closely to the increase in mean airway pressure [2] , and there is evidence that the addition of an inspiratory pressure plateau can decrease shunt even though end-expiratory volume is little changed [3] .
In some patients normal values of PEEP produce little improvement in oxygenation, whilst higher values may increase alveolar deadspace and intrapulmonary shunt [4] [5] [6] . The increase in shunt with PEEP has been noted most frequently in patients with predominantly unilateral lung disease and there is evidence that, in these circumstances, PEEP may redistribute blood flow from the well-ventilated to the diseased area of lung [7] [8] [9] . The application of PEEP may also decrease cardiac output and mixed venous Po 2 . If shunt is unchanged, this will result in a reduction in arterial Po 2 
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BRITISH JOURNAL OF ANAESTHESIA inotropic drugs, but these interventions may in themselves increase shunt in patients with acute lung disease [6, [10] [11] [12] .
There is now strong evidence that the reduction in blood flow in a collapsed area of lung is predominantly caused by hypoxic pulmonary vasoconstriction (HPV) augmented by the increase in Pco 2 which results from the equilibration of the lobe with mixed venous blood [13] . In order to determine whether this mechanism remained effective when increased airway pressures were applied to the rest of the lung, we have used electromagnetic flow probes to measure the distribution of blood flow between a ventilated (right) lung and a hypoxic left lower lobe in anaesthetized open-chest dogs. This preparation enabled us to study the effects of different patterns of ventilation applied to the right lung during three different conditions of the lobe and to assess the effects of increased cardiac output produced by fluid loading.
MATERIALS AND METHODS
Anaesthesia was induced in 17 dogs of either sex and mixed breed (weight 19.7 + 5.0 kg) using sodium thiopentone 20-25 mg kg" 1 i.v., following premedication with morphine sulphate 1.5-2.0 mg kg" 1 . Anaesthesia was maintained with 1.5% halothane for the duration of surgery and, thereafter, with 0.5 % halothane in oxygen to the right lung and an i.v. infusion of Hypnorm (Janssen: fentanyl citrate 0.315 mg ml" 1 , fluanisone 10 mg ml" 1 ) at a rate of 0.06 ml kg" 1 . After intubation of the trachea with a 9.0-mm i.d. cuffed tracheal tube, the lungs were ventilated initially with a Cape-Waine ventilator. Tidal volume was adjusted to give an end-tidal carbon dioxide concentration of 4.0-4.5 % at a frequency of 10 b.p.m. Fio, was maintained at 1.0 and a positive end-expiratory pressure of 1.0-2.0 mm Hg was applied throughout the surgical preparation. Body temperature was maintained at 38.0 ±0.5 °C, the ECG and arterial pressure were monitored continuously and base excess was maintained at 1.2 + 0.5 mmol litre" 1 by the administration of 4.2 % sodium bicarbonate. A continuous infusion of Haemaccel (Hoechst U.K. Ltd) was given to maintain the haematocrit between 30 and 35%.
Tracheotomy was performed and a doublelumen PVC endobronchial tube was inserted (35 French gauge, International Catheter Corp.), the bronchial tube being passed into the left main bronchus. The position was confirmed by auscultation and measurement of airway pressures when equal tidal volumes were applied to each lung. The complete isolation of each lung was verified by connecting the left limb of the tube to an underwater seal while the right lung was pressurized to +30 cm H 2 O. The left lung was then collapsed whilst the remainder of the surgery was performed.
A left lateral thoracotomy was performed between the 5th and 6th ribs and the collapsed upper and cardiac lobes were removed to facilitate further surgery. The main trunk of the pulmonary artery and the artery to the left lower lobe were freed from the surrounding connective tissue and Gould-Statham SP7156 electromagnetic flow probes, fed by synchronized excitation currents from SP2204 flowmeters, were placed round the arteries for blood flow measurements. Catheters for pressure measurement were placed in the pulmonary arterial trunk via the stump of the left upper lobar artery and in the left atrium via the atrial appendage. The left lower lobe was then reinflated and the right lung and lobe ventilated independently by a double "bellows-in-box" system which allowed control of the tidal volume and gas composition delivered to each lung ( fig. 1 ). The bellows were compressed by a modified Nuffield anaesthetic ventilator 200 (Penlon Ltd, Abingdon) at a rate of 10 b.p.m., the pattern of ventilation being altered by the inspiratory and expiratory time controls and by the adjustment of magnetic PEEP valves (BE 142 Instrumentation Industries Inc.). On completion of the surgery, the lung and lobe were ventilated with an I:E ratio of 1:2 and PEEP of 2.8+ 1.2 mm Hg, and the tidal volumes adjusted to produce equal end-tidal carbon dioxide concentrations within the normal range. The preparation was allowed to stabilize for 1-2 h, during which the lobe was subjected to several periods of ventilation with 7 % oxygen in nitrogen to ensure that a maximal hypoxic response had been obtained.
A 16-stage experimental programme was used with a 15-20 min stabilization period at each stage. The right lung was ventilated with Fi Q 1.0 throughout the experiment, the period of study lasting 6-7 h. During stages 1 and 2, the left lower lobe was ventilated with oxygen and then with 7% oxygen in nitrogen to establish the control response to hypoxia. This test was repeated Second stage " bellows-in-the-box" system used to ventilate the right lung and left lower lobe independently with varying oxygen and nitrogen mixtures. During insufflation of the lobe a clamp was placed across the tube connecting the driving ventilator to die lobe "bellows-in-box", whilst the expiratory tube was disconnected from the box so that the PEEP valve could be used to control mean airway pressure.
DISTRIBUTION OF BLOOD FLOW TO A HYPOXIC LUNG LOBE
towards the end of the experiment (stages 12 and 13). Three patterns of ventilation were applied to the right lung during each lobe condition ( fig. 2 ). These were:
(1) an I:E ratio of 1:2 with minimal PEEP (1:2); (2) an I:E ratio of 2:1 with minimal PEEP (2:1); (3) an I:E ratio of 1:2 with PEEP adjusted to achieve the same mean airway pressure (P^) as was recorded with die long inspiratory period (1:2 + P). The three patterns of right lung ventilation were repeated whilst the left lower lobe was exposed to four different conditions. The first two were insufflation of the left lower lobe with either 100% oxygen or 7% oxygen in nitrogen with lobar PEEP adjusted to give the same P^ as during ventilation with 100% oxygen, the insufflation being started after 10 min ventilation of the lobe with the insufflation gas mixture. The third condition was left lower lobe collapse with the lobe connected to an underwater seal, whilst the fourth condition was collapse with the cardiac output increased by the rapid infusion of 1.0-1.5 litre of Haemaccel. The order of the first three lobar states was randomized (stages 3-11), but the fluid loading was always carried out at the end of the experiment (stages 14-16). Each of the recorded variables was analysed using a two-way analysis of variance. This allowed the independent assessment of the effects of changes in the pattern of right lung ventilation, and of changes in left lower lobe conditions. Comparison of individual stages was by Student's t test at the 5 % level. Related comparisons were grouped and the required level of significance adjusted for the number of comparisons using Sidak's inequality [14] .
The above programme and analyses were carried out in two groups of dogs. The first group (numbers 1-11) were given soluble aspirin 50 mg kg" 1 i.v. at the end of surgery to optimize the HPV response [15] and the dogs were turned to the prone position for the duration of the experiment. The second group (numbers 12-16) did not receive aspirin and remained in the supine position. A comparison of the two groups for all variables indicated no significant differences, so the data for both groups were subsequently pooled and analysed as a single group.
RESULTS
The results are shown in tables I and II. With the exception of mixed venous Po 2 (Pv Oj ), there were no significant differences in any variable between the first and second control stages (1 and 12). Lobar ventilation with 7% oxygen in nitrogen (stage 2) produced a 37 % reduction in the ratio of left lower lobar blood flow to pulmonary arterial blood flow (Q1/Q0 ( fig. 3) (^rSf) °f approximately 3 mm Hg without any significant changes in right peak airway pressure (peak P raw ). There were no significant differences between P r5S with the 2:1 ratio and the 1:2 ratio plus PEEP (stages 5, 8 and 11), although there were significant increases in peak P raw with the latter pattern of ventilation. However, these changes in ventilatory pattern had no significant an^ Pv o .> whilst Ql/Qt was increased to a value which was not significantly different from ventilation of the lobe with 7% oxygen in nitrogen (stages 2 and 13).
DISCUSSION
These investigations showed that collapse, or insufflation of the lobe with 7% oxygen in nitrogen, produced a greater reduction in Ql/Qt than did ventilation with 7 % oxygen in nitrogen, although mean airway pressures in the lobe were similar during insufflation and ventilation. However, there were no significant differences between ventilation of the lobe with oxygen and insufflation with oxygen. An increase in P^ in the right lung produced by changing the i: E ratio to 2:1 or the addition of PEEP to the 1:2 ratio did not affect Ql/Qt in any condition of the left lower lobe. During lobar collapse, increasing the cardiac output by fluid loading resulted in a redistribution of blood flow towards the collapsed left lower lobe so that values of Ql/Qt were not significantly different from those found during lobar ventilation with 7 % oxygen in nitrogen.
Results obtained in the open-chest preparation in anaesthetized dogs must be interpreted with caution, for the normal vertical gradient of subatmospheric pleural pressure is abolished [16] . This may result in changes in functional residual capacity and in the distribution of ventilation and blood flow. It may also reduce venous return and cardiac output-effects which are compounded by the deeper level of anaesthesia required in the open-chest preparation. Further abnormalities are introduced by the reduction in pulmonary vascular volume following the removal of the left upper and cardiac lobes and the probable denervation of the pulmonary vascular bed during the placement of the electromagnetic flow probes. However, flow distribution in the control periods was similar to the distribution of blood flow in the conscious animal [17] and the response to hypoxia was similar to that observed in other preparations [18, 19] .
Aspirin was administered to the first 11 dogs in order to minimize the delay in establishing a maximal response to alveolar hypoxia [15] and these dogs were turned to the prone position after surgery to retain the normal zone relationships between the lungs and heart. Since preliminary analysis of these data showed no changes in Ql/Qt in response to changes in P^ in the right lung, the next six procedures were conducted in the supine position without aspirin. There were no significant differences between the two groups and it was concluded, therefore, that neither of these factors had affected the results.
Insufflation of the lobe with 7% oxygen in nitrogen produced a greater reduction in Ql/Qt (61 %) than did ventilation with the same gas mixture (37 %). Since P-was similar in the two conditions, this suggests that the difference in Ql/Qt must have resulted from differences in the alveolar gas tensions. During insufflation, the alveolar Po 2 and Pco 2 should have equilibrated with mixed venous Po 2 and Pco 2 [20] . Ventilation with 7% oxygen in nitrogen has been shown to produce pulmonary vein Po 2 values close to mixed venous ones [13] , although Pco 2 values are lower than mixed venous, the alveolar Pco 2 depending on the ratio of ventilation to perfusion in the lobe. Thus, the observation that Ql/Qt was lower during insufflation hypoxia (stages 6, 7 and 8) than during ventilation hypoxia with a lobar end-tidal carbon dioxide concentration of 4.0-3.6% (stages 2 or 13), confirms previous observations which suggest that HPV is augmented by an increase in Pco 2 [21] . However, carbon dioxide appears to have little effect on the hyperoxic vascular bed, for there was no difference in Ql/Qt between stage 1 (ventilation with oxygen) and stages 3-5 (insufflation with oxygen). A further indication of the importance of alveolar gas tensions in the control of flow through the hypoxic lobe is the observation that insufflation of the lobe with 7 % oxygen in nitrogen and collapse produced similar reductions in Ql/Qt (61 % and 66%, respectively) even though lung volume and transpulmonary pressure were markedly different in the two conditions. This confirms other observations which suggest that mechanical factors contribute little to the reduction in blood flow in a collapsed area of lung [13, [22] [23] [24] .
In the present studies an increase in Pp roduced by the addition of PEEP or the use of a 2:1 ratio had no significant effect on Ql/Qt in any state of the left lower lobe. Similar results were obtained by Enjeti and colleagues [25] , who found that perfusion of a collapsed sub-lobar segment in a closed-chest preparation was not affected by the application of PEEP to adjacent normoxic ven-tilated segments. However, other authors have found that flow diversion does occur in response to changes in airway pressure in the ventilated lung. Takaro [26] showed a marked diversion of flow into a hypoxic-hypercarbic lung when standing pressures of 15 or 25 cm H 2 O were applied to the opposite lung for periods of 20 s in the closedchest dog. In open-chest dogs, Benumof and coworkers [27] found that flow to a collapsed left lower lobe was increased when right lung PEEP was increased from 2 to 10 cm H 2 O, whilst Sanchez de Leon and associates [28] found a similar shift into a collapsed left lower lobe in response to the application of 5-15 cm H 2 O PEEP.
There are several possible explanations for the lack of change of Ql/Qx in response to changes in P^j in the present experiments. First, blood flow through zone 2 of the ventilated lung is governed by the relationship between alveolar and pulmonary artery pressure. In our experiments, blood volume was carefully maintained during surgery and Pp^ was relatively high during the experimental period, whilst the changes in Pwere smaller than those imposed by Benumof and colleagues [27] and Sanchez de Leon and coworkers [28] . However, in seven of the dogs we applied sequential increases in P^ up to 15 mm Hg and found diversion of blood flow to be minimal ( fig. 5 ). Whittenberger and colleagues [29] showed that pulmonary vascular resistance in isolated perfused lungs was little changed by increases in P-up to 15 mmHg, but that resistance was increased at greater mean airway pressures. However, P ra was also high in these experiments. A second possibility is that the initial lung volumes may have been different. Benumof and colleagues [27] found that the diversion of flow in response to PEEP was much greater when the chest was open than when it was closed and suggested that differences in FRC may have contributed to the different results obtained. It is known that pulmonary vascular resistance is minimal at FRC and increases when lung volume is decreased or increased [30] . If the initial volume of the right lung was below the normal FRC, the addition of PEEP would have tended to decrease PVR in that lung rather than increase it, and this would have minimized any diversion of flow away from that lung.
A third explanation for the disparity in results is that the HPV response may have been optimal in our experiments. Great care was taken to ensure that the lobe was not handled during surgery to avoid the generation of vasodilator substances such as prostacyclin, and the lung was subjected to repeated hypoxic stimuli before the definitive study was commenced to ensure that the response was maximal. The opposing effects of an increase in airway pressure, and HPV, on the distribution of blood flow are well illustrated by the experiments of Mink and associates [8] . These authors found that the application of 12 cm H 2 O PEEP increased Q\/Qt from 24 % to 37 % in experimental left lower lobe pneumonia. However, they noted that there was little diversion of flow away from lobes with high bacterial counts and attributed the diversion of flow in response to PEEP to the relatively weak HPV response during the acute phase of the disease.
The increase in cardiac output before the final period of lobar collapse increased Q\/Qt to values not significantly different from those found during lobar ventilation with 7% oxygen in nitrogen. Benumof and Wahrenbrock [19] demonstrated a reduction in the magnitude of flow diversion in response to hypoxia when pulmonary vascular pressures were increased by inflation of a left atrial balloon or by fluid loading and concluded that the increase in intravascular pressure opposed the increased vascular tone resulting from HPV so that lobar flow increased. However, in the present study there was also a significant increase in Pv o which would have reduced the stimulus for HPV in the lobe, and so increased Ql/Qt [31] [32] [33] .
In view of the lack of change in Ql/Qt in response to changes in right lung P-, it is not surprising that the changes in P-, also had no effect when Ppx was increased by fluid loading.
It is concluded that, in the open-chest preparation, changes in P-in ventilated areas of lung probably cause a shift of blood flow into poorly ventilated lung only when the increase in P-is greater than 5-10 mm Hg. The magnitude of flow diversion is probably dependent on the relationship between the P^ and the Pp^, and the strength of the HPV response. However, when the chest is closed, the shift of blood flow in response to an increase in P^ may be different. Furthermore, under these circumstances, the application of PEEP may decrease cardiac output and Pv O2 . If PEEP does not reduce shunt, the reduced saturation of the blood passing through the shunt may result in a reduction in arterial Po 2 [34] .
